Abstract. In the 1970s, computer scientists began to engage in research in the field of structural biology. The first structural databases, as well as models and methods supporting the analysis of biomolecule structures, started to be created. RNA was put at the centre of scientific interest quite late. However, more and more methods dedicated to this molecule are currently being developed. This paper presents RNApolis -a new computing platform, which offers access to seven bioinformatic tools developed to support the RNA structure study. The set of tools include a structural database and systems for predicting, modelling, annotating and evaluating the RNA structure. RNApolis supports research at different structural levels and allows the discovery, establishment, and validation of relationships between the primary, secondary and tertiary structure of RNAs. The platform is freely available at http://rnapolis.pl
Introduction
Ribonucleic acid (RNA) belongs to the least recognized biological molecules. For many years, it has been treated as a poor relative in the family, when scientists' interests have focused primarily on DNA and protein research. The developing branch of structural biology, whose aim was to learn about the structure of molecules and to discover the structure-function relationship, only occasionally touched upon the subject of RNA. This was due not only to the low interest in this molecule but also to the difficulty of studying and determining the RNA structure with experimental methods [1, 21, 41, 52, 53] .
RNA structure is hierarchical ( Figure 1 ) [5, 14] . This hierarchy allows the architecture and properties of a molecule to be studied from partial knowledge, which is often sufficient to draw basic conclusions [13, 35] . The simplest way to describe the structure of an RNA is to specify a nucleotide sequence of its chain (or chains if the molecule contains more than one). A sequence is also known as a primary structure. The RNA sequence is coded, like In the previous paragraphs, some of the issues considered by structural bioinformatics have been indicated. They include, among others, modelling, prediction, annotation, refinement, visualization, validation and evaluation, motif analysis, similarity assessment, clustering, structure determination, a collection of structural data, their search and analysis. Many computer algorithms dedicated to solving these issues for RNA have been developed. For years, most of them have existed in separation from a range of similar methods implemented by other authors and offering competitive or complementary solutions. The first attempts to catalogue, on the websites, computational biology algorithms with links to their binaries or executables were made as part of Wikipedia. Then, the development of Internet technologies and easy access to the disk space offered by various companies hasin recent years -made it possible to create web portals collecting bioinformatics tools under one address. Most significant such initiatives are BioCatalogue and OmicX. BioCatalogue (https://www.biocatalogue.org/), created by the European Bioinformatics Institute in cooperation with myGrid project [50] at the University of Manchester, provides a curated catalogue of life science Web services [12] . From among 1168 offered services, nine are dedicated to RNA and mainly address the problem of modelling of RNA secondary structures. OmicX (created by OmicX start-up company), available at https://omictools.com/ is a virtual analytical ecosystem for life science, covering research areas such as genomics, epigenomics, transcriptomics, proteomics, metabolomics, and phenomics. Within transcriptomics, one can find rich collections of tools, each with a short commentary, concerning RNA, for example, RNA sequencing, RNA structure analysis, non-coding RNA databases. There are also initiatives like Bioinformatics.org available at http://www.bioinformatics.org/. It is a portal and repository for open source bioinformatics software. However, its content is not organized by a molecule type, and tools addressing RNA structures are not easy to find there. More specialized, RNA-centred online tool clusters are being created. Some of them are offered by teams creating their own 243 RNApolis: Computational Platform for RNA Structure Analysis bioinformatic tools. Others accumulate all computational resources that can be used in research focused on specific topic. For example, University of Bielefeld maintains Bielefeld Bioinformatics Service (https://bibiserv.cebitec.uni-bielefeld.de/) that includes RNA chapter with own tools for RNA secondary structure processing. A selection of RNA secondary structure related computer programs is also available as ViennaRNA Package at https://www.tbi.univie.ac.at/RNA/ run by the Theoretical Biochemistry Group from Vienna University [29] . The RNA Bioinformatics Center founded within the German Network of Bioinformatics Infrastructure offers own tools, services and databases for the analysis of RNA-based regulation (https://github.com/bgruening/galaxy-rna-workbench/) [8] . A set of 44 methods predicting RNA secondary structure can be found at the website of CompaRNA (http://iimcb.genesilico.pl/comparna/) that aims to benchmark these bioinformatics programs [47] . Another portal, miRToolsGallery (http://www.mirtoolsgallery.org/), collects information about computational tools that support the analysis of small non-coding RNAs [16] . The newly created RNA-Puzzles toolkit (https://github.com/RNA-Puzzles/) provides the resources (datasets, data formatting and model evaluation programs) used by the organizers and assessors of the RNA-Puzzles competition [17] . Other smaller RNAdedicated toolkits are scattered over the internet and can be tracked if necessary.
This paper presents RNApolis, a new computing platform that collects bioinformatics tools developed by the RNA bioinformatics group of researchers affiliated at the Institute of Computing Science, Poznan University of Technology and the Institute of Bioorganic Chemistry, Polish Academy of Sciences. The following RNA-dedicated tools are accessible via the platform: RNA FRABASE [42, 43] , RNAComposer [4, 44, 46] , RNApdbee [5, 59] , RNAlyzer [30] , RNAssess [31] , RNAfitme [5, 6, 58] , and RNAvista [7] . They aim to support the research which focuses on the secondary and the tertiary structure of RNA molecules. With their help, one can study the relationship between these two structure levels of organization of RNA architecture. All of these tools have already gained recognition among scientists around the world who are engaged in the study of RNA structures. RNApolis is available at http://rnapolis.pl/.
RNApolis for RNA structure analysis
RNApolis has been designed as a web portal allowing direct access to all bioinformatics tools developed by our group for RNA structure study. Currently, seven computational systems are available there. All of them have been designed as web services and can be accessed separately under unique URLs. Subsequent paragraphs familiarize the reader with individual tools, bringing their basic functionalities closer. The possibilities of using RNApolis platform components are presented in terms of the input data the user possesses, and the goals that are to be achieved by this data processing.
Bioinformatics tools in RNApolis
This section is devoted to a brief presentation of all bioinformatics systems currently included in the RNApolis computational platform. Their descriptions, including an 244 M. Szachniuk introduction of the primary functions, are placed in the order in which the individual tools have been released and published. RNA FRABASE 1.0 [42] was first published in 2008, and its version 2.0 appeared two years later [43] . It has been designed as a database of RNA structures, gathering information about the primary, secondary and tertiary structure of RNAs determined experimentally. Most of the data and metadata about RNA 3D structures uploaded to RNA FRABASE comes from Protein Data Bank (PDB) [11] and Nucleic Acid Database (NDB) [37] , and is updated once a month. Additionally, information about torsional angles is computed by own scripts and saved in the database records. This data is supplemented by secondary structure information annotated with the use of own scripts and external programs. The database system gives the possibility to display the visualization of the secondary and tertiary structure of each deposited RNA. It contains links to associated records in PDB and NDB. The power of the system lies in the search engine, which enables quick and efficient searching of the repository content. The user can define the query pattern by providing either the RNA sequence, or secondary structure in dot-bracket notation, or both. In the dot-bracket notation, the secondary structure is represented by a sequence of characters (dots and brackets). Every unpaired nucleotide in the RNA chain is represented by a dot, and every base pair is encoded by a pair of brackets (an opening bracket for the first nucleotide in the pair, a closing bracket for the second nucleotide). RNA FRABASE engine searches all 3D structures in the database for the inclusion of the defined input pattern. As a result, the user obtains a list of all RNA structures that contain the searched sequence or secondary structure motif. For each found fragment, the user can view full information about its structure.
Since its release, RNA FRABASE has gained over 500 thousand users from more than 130 countries around the world. The total number of launches of the database search engine exceeds 3 million. Statistically, every 2 minutes a query is submitted to the database. RNA FRABASE is available at http://rnafrabase.cs.put.poznan.pl/.
RNAComposer [44] was released in 2012. Its first version was gradually enriched with new functionalities, which were summarized in a publication from 2016 [4] . RNAComposer was designed as a fully-automated system for RNA 3D structure prediction. It can predict the three-dimensional shape of the molecule on the basis of both the sequence and the secondary structure. The procedure creating 3D models uses incorporated database of RNA 3D structures which is an adjusted version of RNA FRABASE. RNAComposer works in two modes. The interactive mode allows to submit one input sequence or secondary structure at a time, run the prediction routine with a single click, and immediately obtain a single output 3D model. The batch mode has been provided to enable submitting multiple input data and obtain up to ten 3D models for every input. In this mode, the user can configure the system according to his/her preferences and include additional constraints to be considered by the structure refinement procedures. Finally, the batch mode has been enriched with the possibility to provide own 3D structure elements to be built into the composed model of the RNA molecule. This functionality allows the system to be used for remodelling and adjusting once predicted 3D structure in a semi-automatic way. Currently, RNAComposer is the most popular system for predicting RNA 3D structure. It has been used worldwide in over 5 million prediction tasks run by over 20 thousand users. There are two equal instances of the system, one available at http://rnacomposer.cs.put.poznan.pl/ and the other at http://rnacomposer.ibch.poznan.pl/.
RNAlyzer dates back to 2013 [30] . This system aims to evaluate RNA 3D models by their comparison to the reference structure. The tertiary structures of both the assessed model and the reference (target) are uploaded by the user. The evaluation is based on the local and global similarity of the model to the target. By default, the similarity is estimated upon root mean square deviation (RMSD) computed between the corresponding sets of superimposed atoms in the three-dimensional Euclidean space [26] . The other similarity measures are also available, including Deformation Index (DI), and Interaction Network Fidelity (INF) [39] . The general concept behind RNAlyzer is based on a local neighborhood which is defined as a set of atoms found in the sphere centered around an atom of the user-defined type. The idea derives from similar solutions applied for assessing protein models submitted in CASP (the Critical Assessment of protein Structure Prediction) experiment [2, 36] . The structure comparison procedure is parameterized according to the sphere center, radius length, and precision. It guides the sphere along RNA chain, stopping it at successively fixed points which determine the position of the sphere's center. At each stop, an analysis of atoms within the sphere is carried out. The average distance of these atoms from their equivalents in the sphere moving along the target structure is computed. As a result, the user receives a list of RMSD values together with a multidimensional visualization. A visualization of the model-reference structure distance at different precision levels, from the individual residues to the entire molecules, is an exceptional feature of the system. It helps to identify structure fragments of high and low similarity easily. RNAlyzer proved its usefulness in the discrimination between the correct and incorrect RNA 3D structure models. It is the only system in RNApolis that works as a standalone application. It can be downloaded from http://rnalyzer.cs.put.poznan.pl/. However, in response to users' requests, we have also prepared a web server version of the system. It was published under the name RNAssess in 2015 [31] . The computational engine of RNAssess is the same as in RNAlyzer. A new feature is a convenient and user-friendly interface and the ease of displaying multidimensional graphs and maps representing the results of computation directly in the browser. RNAssess is available at http://rnassess.cs.put.poznan.pl/. RNApdbee 1.0 was published in 2014 [3] . In 2018, we have released version 2.0 of this webserver tool [59] . Primarily, RNApdbee was developed as the program to annotate the secondary structure of RNA from the 3D structure data saved in PDB files. In the following years, the needs of our users motivated us to expand the capabilities of this tool significantly. Today, RNApdbee is a multifunctional system for annotating RNA secondary structures, translating between different data formats, classifying pseudoknots and noncanonical base pairs in the secondary structure, comparing different state-of-the-art methods for base pair identification, determining the secondary structure topology, revealing a consensus secondary structure. RNApdbee runs in several usage scenarios. In the basic one, 3D-to-(….), the secondary structure is derived from the input data provided in PDB or mmCIF format. The second scenario, 2D-to-(….), accepts data in BPSEQ and CT files and provides a dot-bracket representation of the structure encoded in the input. In (…)-to-image scenario, the user can enter the secondary structure encoded in dot-bracket format and display its graphical view. Finally, the 3D-to-multi 2D scenario allows to run all the incorporated algorithms for base pair identification and structure topology encoding, and compare the results. The latter scenario allows finding a consensus secondary structure, which is not apparent especially in the case of large and complex RNA structures. It is essential that RNApdbee can visualize the secondary structure using several programs that RNAfitme was launched in 2018 [6] . The system accepts input 3D structure data and modifies them according to the user-selected mode, i.e. nucleobase or nucleoside residue remodelling/reconstruction. The input structure can or cannot be complete (it must contain the backbone atoms which are not modified during data processing). In the first case, RNAfitme remodels the provided structure by changing either all or user-selected nucleobases/nucleotide residues. Remodelling consists in replacing selected elements with their equivalents from the built-in library of conformers, best suited to the rest of the structure. If a user has entered an incomplete RNA structure, the system reconstructs it by adding missing elements that it retrieves from the conformer library. Five libraries of conformers are available in RNAfitme [58] . The difference between them lies in the initial set of structures which the conformers come from, as well as similarity measures and methods used for their clustering. An important fact is that RNAfitme optimizes the modified RNA 3D structure concerning the Clash score, to avoid clashes between remodeled atoms [15] . As a result, it provides a complete, stereochemically correct model of RNA 3D structure. Currently, the number of the system executions counted from the release date reaches 600. RNAfitme is available at http://rnafitme.cs.put.poznan.pl/.
RNAvista is the youngest in the RNApolis platform. It was published in 2019 [7] . RNAvista aims to predict an extended secondary structure of RNA, that is the structure that includes both canonical and non-canonical base pairs. The reason to develop such a tool was that most existing methods for RNA secondary structure prediction could anticipate canonical base pairs only [23] . With the growing understanding of the significance of noncanonical interactions in RNAs, it was essential to have the method that could provide some clues about their presence in the structure as well. The concept behind RNAvista is based on a combination of selected functionalities of two previously described tools, RNAComposer and RNApdbee [48] . The prediction itself is a two-stage process. First, the 3D structure model is anticipated by RNAComposer-based procedure from sequence or the canonical secondary structure. The model is composed of experimentally determined structure fragments that already include non-canonical interactions. In the second stage, RNApdbee-based procedure proceeds to annotate the extended secondary structure from the 3D model. Since its publication, the system was tried 400 times already. RNAvista is available at http://rnavista.cs.put.poznan.pl/.
Sequence-based computing
One of the objectives of RNApolis is to enable the researchers to determine the relationship between RNA sequence, secondary and tertiary structure. Therefore, let us look at how the platform's tools can facilitate studying these relationships.
Having a given RNA sequence one can ask what shape the structure of such a sequence takes. This question can be answered by RNA FRABASE [42, 43] . The RNA sequence (with length >3) entered by the user becomes a pattern that is searched for in the database. The search engine of RNA FRABASE is based on the exact matching algorithm. If in any RNA structure deposited in the database there is a sequence exactly matching the pattern, this structure is added to the result list. Consequently, the user receives a list of RNAs 247 RNApolis: Computational Platform for RNA Structure Analysis containing the searched sequence. For each found RNA (or a part of it) a secondary and tertiary structure is shown, both encoded in text format and visualized. The user can get acquainted with all the structural parameters that characterize the molecule (or its fragment) with the sequence equal to the searched one.
However, it may happen that none of the experimentally determined RNA structures contains the desired sequence. Then, the systems for predicting the structure come in handy. RNApolis offers two such systems, RNAComposer [4, 44] and RNAvista [7] . Both systems accept an input sequence in FASTA format, no longer than 500 nucleotides. A user interested primarily in the secondary structure should run RNAvista. Based on the input sequence of RNA this system predicts its secondary structure. The resulting structure is visualized and encoded in BPSEQ, CT and dot-bracket formats. As RNAvista was designed to take into account non-canonical interactions also, they are specially treated. All predicted non-canonical base pairs are listed separately, together with an annotation about the class to which they belong. Even in the diagram of the secondary structure, the pictograms defining the base pair classes, according to Leontis-Westhof classification [28] , are drawn.
Users who are interested in how an RNA with a given sequence folds, should run RNAComposer. This system performs sequence-based prediction of RNA threedimensional structure and provides detailed information on the resulting model. The data includes atom coordinates, total energy, structure elements from which the model was assembled, visualization of the model, and the secondary structure in dot-bracket format.
All tools listed here also accept (optionally) additional input data and allow the user to configure the system to suit his/her needs. Detailed information can be found on the Help page of each system. A general scheme showing the scenarios of the use of RNApolis tools for input data in the form of a sequence is shown in Figure 2 . 
Secondary structure-based computing
This section presents possible scenarios for the use of RNApolis tools when the user knows the secondary structure of an RNA (Figure 3) . Part of the computations performed on the basis of the secondary structure is similar to those described in Section 2.2. Therefore, having a secondary structure, it is possible to check whether such a structure pattern appears in RNA molecules that were experimentally solved. It can be done with RNA FRABASE [42, 43] . Note that the pattern of the secondary structure that is looked for, may or may not contain a sequence. In the latter case, the RNA FRABASE search engine identifies all fragments with a given secondary structure encoded in dot-bracket notation (e.g. apical loops, bulges, n-way junctions, etc.) having any sequence. The structural pattern in the dot-bracket representation is matched exactly. This allows the relationship between the secondary and tertiary structure to be precisely defined and analysed. The secondary structure may also be the input to the RNAvista system [7] . Such use of RNAvista is quite unusual, but not meaningless. If the secondary structure held by the user is determined solely by canonical base pairs, RNAvista can be used to enrich it with noncanonical ones. Let us recall that RNAvista predicts an extended secondary structure of RNA. This task can be accomplished based on both the sequence as well as the canonical secondary structure provided at the input.
RNAComposer [4, 44] can predict the 3D model of RNA starting from both the sequence and the secondary structure represented in dot-bracket notation. In fact, the main algorithm of the system is based on the secondary structure and its fragmentation into structural motifs. Thus, predicting the 3D shape of an RNA molecule upon the information about base pairs is a procedure assumed by the system developers. The advantage of secondary structure-based prediction is that RNAComposer can model a structure containing pseudoknots if they are defined at the input. If RNAComposer prediction starts from the sequence only, the output models do not contain pseudoknots. Therefore, the system's authors recommend prediction based on a secondary structure as more reliable for large RNA structures in which there is a high probability of multiple pseudoknots.
Finally, let us note that the secondary structure can also be processed in RNApdbee [3, 59] . The tool allows entering data in BPSEQ or CT format and transforms it into the dotbracket representation (see 2D-to-(….) scenario). This task is unambiguous and straightforward in the case of structures that do not contain pseudoknots. However, for entangled RNAs, the RNApdbee algorithm must analyse which of the conflicting base pairs are primary pairs and which ones form pseudoknots. In the case of complex structures, the tool also classifies pseudoknots by identifying their order. The pseudoknot order is reflected in the dot-bracket notation (by the corresponding type of bracket). It is also marked with the appropriate colour on the structure drawing. RNApdbee creates graphical representations of the input secondary structure introduced in BPSEQ, CT and dot-bracket (see (….)-to-image scenario) formats. According to the user's choice, the structure can be drawn in the form of a typical diagram or an arc graph. 
Tertiary structure-based computing
Analysis of the tertiary structure is a demanding task. On the one hand, it seems that the knowledge of the RNA structure at this level allows us to answer every question about the molecule architecture. On the other side, the 3D structure is merely a collection of atoms. Only the identification and appropriate interpretation of the relationships between the elements of this set allows for a detailed study on RNA.
RNApolis provides four bioinformatics tools to process the 3D structure of RNA. Let us start their brief description from RNApdbee [3, 59] that facilitates studying the relationship between the tertiary and secondary structure. The main task of this tool is to annotate the secondary structure from the data on the three-dimensional shape of a molecule. In two scenarios dedicated to this task, 3D-to-(....) and 3D-to-multi 2D, RNApdbee accepts input data in PDB and mmCIF formats [10, 22] . Input data are first processed by methods which, on the basis of the geometry (distances between the specific subset of atoms), identify base pairs in the structure. These methods often give different results, especially for large and complex structures. Therefore, the user can select one or run all of them and compare the results. The latter option is available in the 3D-to-multi 2D scenario. After base pair identification, the pseudoknots are analyzed, and the secondary structure topology determined. The output is both textual and graphical.
An essential issue in structural bioinformatics is the assessment of the similarity of 3D structures. This problem occurs whenever we compare different models of the same molecule or evaluate the predicted RNA structures against the target. RNApolis proposes to use one of the two systems for assessing RNA 3D structure similarity, RNAlyzer [30] and RNAssess [31] . Both work on the same principle, except that RNAlyzer is a standalone application and RNAssess has been implemented as a webserver. Input data must contain at 250 M. Szachniuk least two RNA structures, one of which is a reference. The accepted format is PDB file format. In addition to the compared structures, the user determines the computation parameters: similarity measure (RMSD, DI, INF), sphere radius, sphere center and comparison mode (all atoms/selected subset). At the output, the user receives values of similarity measures in a global and local scale, as well as various visualizations showing the structural similarity depending on the size of the sphere and the precision of computation. Finally, RNApolis offers a tool for RNA 3D structure reconstruction and remodelling. RNAfitme [6] works on the 3D structure input and outputs the optimized, complete 3D structure of the RNA molecule. The input data should be uploaded in the PDB format. The output data format is the same. Depending on a mode, input data should include coordinates of the backbone atoms, O5',C5',C4',C3',O3' (in the nucleoside residue mode), or backbone and sugar ring atoms, O5',C5',C4',C3',O3',O4',C1',C2',O2' (in the nucleobase mode). All the remaining atoms are reconstructed by RNAfitme. Reconstruction usually requires knowledge of the sequence that the user enters in FASTA format [40] . In addition to reconstructing a full-atom model based on backbone and sequence, RNAfitme is also used to remodel the complete RNA structure. In this case, two scenarios are possible. In the first one, the user inputs only the 3D structure and starts computation. The program tries to optimize the structure by removing clashes between atoms without changing the sequence. The second scenario makes it possible to modify selected nucleobases. To initiate such modifications, the user introduces a sequence in which the upper case letters indicate nucleobases to be remodeled while lowercase letters represent nucleobases that should remain intact. The output structure is optimized concerning the clash score, torsional angle values, and bond geometry.
The above-mentioned scenarios of processing the RNA tertiary structure within the RNApolis platform are schematically shown in Figure 4 . 
Implementation
RNApolis (http://rnapolis.pl) provides a direct access to the latest versions of the following systems developed by our team: RNA FRABASE, RNAComposer, RNApdbee, RNAfitme, RNAvista, RNAlyzer, and RNAssess. The platform is designed to work with most of the available web browsers: Microsoft Internet Explorer, Mozilla Firefox, Google Chrome, Opera. The latest versions of browsers are strongly recommended. It is platform independent and can also operate on mobile devices. The systems available within RNApolis work independently of each other. They have been implemented in a two-layer architecture with distinguished computational backend and web accessible frontend. All their components are based on Java with third-party libraries (i.a., BioJava [45] ). RNApolis web service is hosted and maintained by the Institute of Computing Science, Poznan University of Technology, Poland.
Conclusions
The paper introduces RNApolis, a new computational platform that currently provides direct access to seven computational tools developed for RNA structural biology. The resources, as well as RNApolis itself, have a user-friendly interface and are easily operated via all common web browsers. The main tasks carried out by the RNApolis tools are as follows: searching for structure fragments and motifs in PDB-deposited RNA 3D structures, predicting the extended secondary and the tertiary structure, remodelling and refinement of RNA 3D structure, validating and evaluating of 3D structure models in threedimensional Euclidean space, annotating the secondary structures of RNAs, including large, complex structures with pseudoknots and non-canonical interactions, comparison of various methods for RNA secondary structure annotation and visualization, processing and transforming between multiple formats for RNA secondary structure representation, secondary structure visualization with annotation of pseudoknot orders and classes of noncanonical base pairs. RNApolis is a newly launched project. In the future, its resources will be increased by further data and tools for RNA bioinformatics researchers. Notably, the platform will be enriched, among other things, with systems analysing the structure in the space of torsional angles [57] , searching for similar fragments [54] , supporting the study of nucleic acids quadruplexes, and identifying a consensus structure in a set of multiple RNA models. The ambition of the author of the RNApolis project is for the platform to become a virtual laboratory for the analysis of RNA structures enabling multidirectional bioinformatics research.
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